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Abstract 
The aim of this study was to determine the cellular source of oxygen free radicals generated by isolated hepatocytes during 
post-anoxic reoxygenation. Superoxide anions (O2-) were detected by lucigenin chemiluminescence. C ll damage was assessed by LDH 
release. During anoxia, the chemiluminescence decreased to background levels while LDH release increased 8-fold. During reoxygena- 
tion, 0 2- formation increased 15-fold within 15 min then declined towards control evels. LDH release increased from 161 to 285 
mU/min in the first 30 min of reoxygenation, then declined toward the control rate. Allopurinol, an inhibitor of the xanthine-xanthine 
oxidase system, did not inhibit 02- formation or LDH release. Antimycin, a mitochondrial complex III inhibitor that does not block 
0 2- formation, increased both ,02- generation and LDH release 82 and 133% respectively. Diphenyleneiodonium (DPI), a mitochondrial 
and microsomal NADPH oxidase inhibitor, reduced 0 2- and LDH release 60-70%. SOD, which catalyzes the dismutation of 0 2- to 
H202, was without effect on O 2- and LDH release, but TEMPO, a stable nitroxide which mimics SOD and easily penetrates the cell 
membrane, decreased 02- 86% without affecting LDH. These results suggest that mitochondria or microsomes are the principal sites of 
0 2- production during reoxygenation f isolated hepatocytes, whereas the cytosolic xanthine/xanthine oxidase system is apparently not 
involved. 
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I. Introduction 
We have recently published that, during post-anoxic 
reoxygenation, freshly isolated perfused rat hepatocytes 
produce large quantities of oxygen free radicals causing 
cell injury and lipid peroxidation [1,2]. The intracellular 
source of these oxygen free radicals is still uncertain. 
Superoxides (02-)  could be generated from several possi- 
ble sources: from Cytosolic xanthine oxidase [3] activated 
by the increase in cytosolic free Ca 2÷ induced by anoxia 
[4,5], from mitochondria [6,8] or from microsomes [9,10]. 
Several investigators have shown that in the perfused liver 
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xanthine oxidase inhibitors uch as allopurinol and oxipuri- 
nol protect the tissue against hepatic injury evoked by 
ischemia/reperfusion [11-15]. Other groups report that 
inhibitors of xanthine oxidase have no beneficial effect or 
even detrimental effects [16,17]. Alternatively, the mito- 
chondrial respiratory chain can be an important source of 
oxygen free radicals during post anoxic reoxygenation 
[6-8,18-20]. Specifically, in the coenzyme Q cycle, ubi- 
semiquinone is spontaneously oxidized to quinone with the 
concomitant production of 02- [18,19]. A second site of 
mitochondrial 02- formation is at the NADH dehydro- 
genase step [21]. Finally, liver microsomes catalyze a wide 
variety of biological oxidations which require molecular 
oxygen and NADPH with the formation of 02- anions 
[9,22]. 
The aim of the present investigations was to determine 
the source of the 02- anions generated by isolated hepato- 
cytes during post-anoxic reoxygenation by inhibiting cy- 
tosolic xanthine oxidase with low concentrations of allop- 
urinol or by blocking the mitochondrial respiratory chain 
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with various inhibitors. We found that the main source of 
02- anions was the mitochondria nd perhaps the micro- 
somes but not the cytosolic xanthine-xanthine oxidase 
system. 
ing from the perfused cells as previously described [2]. 
Recording of the photomultiplier tube output was made on 
a MacLab~/4  data interface module (ADInstruments, 
Milford, MA). 
2. Material and methods 
2.1. Chemicals 
Agarose, allopurinol, antimycin A, collagenase (Sigma 
type IV), lactate dehydrogenase r agent kit, lucigenin, 
myxothiazol, tetramethylpiperidine-l-oxyl (TEMPO), 
rotenone and thenoyl trifluoroacetone (TTFA) were ob- 
tained from Sigma Chemicals, St. Louis, MO. Diphenylene 
iodonium chloride (DPI) was purchased from Aldrich 
Chemicals, Milwaukee, WI. Percoll was purchased from 
Pharmacia LKB, Uppsala, Sweden. 
2.2. Hepatocytes 
Freshly isolated hepatocytes were prepared from adult 
male Sprague-Dawley rats weighing between 200 and 300 
g. The cells were isolated from fed animals with collage- 
nase by the method described previously [2]. Immediately 
after isolation, the cell viability assessed by Trypan blue 
exclusion ranged between 80 and 90%, and there was a 
little cell debris and occasional non-parenchymal ce ls. The 
cells were then layered on a solution consisting of 33% 
percoll in 150 mM NaCI and 10 mM Hepes at pH 7.4 and 
were centrifuged for 10 min at 12000 × g. At this stage, 
cell viability ranged between 90 and 95% without any cell 
debris or non-parenchymal cells. The cells were cast in 
agarose gel threads and perfused with a standard Krebs- 
Henseleit bicarbonate buffer (KHB) equilibrated with 95% 
02 and 5% CO 2. Each perfusion chamber contained ap- 
proximately 35 mg cell protein. 
2.3. Measurement of  chemiluminescence 
Superoxide production was assessed by lucigenin-en- 
hanced chemiluminescence. The chemiluminescence of lu- 
cigenin involves a reaction of 02- with the radical form of 
the luminescent compound generated by univalent reduc- 
tion [23]. This reaction yields two molecules, one of which 
is electronically excited and emits a photon. Leakage of 
electrons from ubiquinone and Complex III during reoxy- 
genation is one of the possible sources contributing to the 
reduction of the chemiluminigenic probe [20]. Moreover, 
since lucigenin is permeable through the cell and the 
mitochondrial membranes, the lucigenin-enhanced chemi- 
luminescence (LCL) emitted by the perfused hepatocytes 
reflects the cellular formation of 02- [2,20]. In these 
experiments, 10 -6 M lucigenin was added to the medium 
perfusing the cells, and LCL was measured in lumines- 
cence photometers designed for maximizing light gather- 
2.4. Lactic dehydrogenase (LDH) 
During anoxia and reoxygenation the LDH released by 
the cells was measured in the effluent perfusate. LDH was 
assayed with a Beckman spectrophotometer by measuring 
the increase in NADH absorbance during lactate oxidation 
to pyruvate. 
2.5. Protocol for anoxia 
In all experiments, the hepatocytes were initially per- 
fused for 1 h in control KHB saturated with 95% 02 and 
5% CO 2. During the 2.5-h anoxic period, the cells were 
perfused with KHB saturated with 95% N 2 and 5% CO 2. 
After anoxia, the cells were perfused again with oxy- 
genated KHB for 2 h. The inhibitors were added to the 
perfusate and were present during the last 15 min of 
anoxia and throughout the reoxygenation period. 
2.6. Statistics 
Statistically significant differences between groups were 
determined using either Student's t-test or ANOVA when 
appropriate. A P-value less than 0.05 was considered to be 
significant. 
3. Results 
3.1. Anoxia-reoxygenation 
When the freshly isolated rat hepatocytes were perfused 
under control conditions with oxygenated KHB, the luci- 
genin-enhanced chemiluminescence which detects the for- 
mation of 02- anions by the cells was 11.7 ___ 1.55 nA 
(n = 40). It remained constant at this level for at least 5 h 
[2]. During anoxia, there was no formation of oxygen free 
radicals, and LCL decreased to 1.3 ___ 0.2 nA and remained 
at that level throughout the anoxic period (Fig. 1). Immedi- 
ately upon reoxygenation, LCL increased to levels ranging 
from 100 to 250 nA depending on the stock of lucigenin 
and the cell preparation. The peak LCL averaged 184 + 15 
nA which is 15 times greater than the control resting value. 
LCL declined slowly thereafter but it still remained 3 
times higher than the control level even after 2 h of 
reoxygenation. Under the same conditions, the aerobic rate 
of LDH release was 24.5 ___ 0.3 mU/min (n = 32). During 
anoxia, the rate of LDH release increased progressively 
and reached 161 + 20 mU/min after 2.5 h of anoxia, a 
6.6-fold increase over the control rate. This reflects the 
anoxic injury that is independent from the formation of 
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Fig. 1. Effects of 20 and 200 /xM allopurinol n lucigenin-enhanced 
chemiluminescence (LCL) (upper panel) and on the rate of LDH release 
(lower panel) in freshly isolated perfused rat hepatocytes. There was no 
significant difference atany time point among the 3 groups both in LCL 
and LDH release. The value are the mean + S.E. of several experiments 
n: control LCL n= 16, LDH n= 13, 20 /zM allopurinol LCL n = 6, 
LDH n = 4, 200 p.M allopurinol LCL n = 6, LDH n = 5. 
oxygen free radicals. At the end of the 2.5-h period of 
anoxia, only 25-35% of the releasable cellular LDH was 
released in the perfusate [1]. Upon reoxygenation, the rate 
of LDH release increased ,;ignificantly to reach 285 ___ 36 
mU/min compared to a rate of 184 + 18 mU/min in cells 
kept continuously under anoxic conditions during the same 
length of time, confirming similar data already published 
[1,2]. This 2-fold increase is statistically significant (P < 
0.01) and demonstrates the existence of a major reoxy- 
genation injury. 
3.2. Effect of allopurinol 
Fig. 1 shows that, during 2 h reoxygenation following 
2.5 h anoxia, 20 or 200 /xIVl allopurinol had no effect on 
O2- formation assessed by LCL or on cell injury assessed 
by LDH release. The peak chemiluminescence reached 
91 + 16 and 134 + 52 nA with 20 or 200 /zM allopurinol 
respectively, compared with a control value of 133 _ 18 
nA in the absence of the inhibitor. The maximal rate of 
LDH release during reoxygenation was 275 ___ 73 and 251 
+ 53 mU/min with 20 o1" 200 /zM allopurinol respec- 
tively, compared with a rate of 285 _ 36 mU/min in its 
absence. None of the values measured with allopurinol was 
significantly different from the values obtained in the 
absence of the inhibitor. These results demonstrate that 
cytosolic xanthine oxidase which is known to be inhibited 
by allopurinol is not an important source of oxygen free 
radicals in isolated rat hepatocytes during reoxygenation 
following 2.5 h anoxia. 
3.3. Effect of antimycin A, diphenylene iodonium (DPI), 
and other mitochondrial inhibitors 
Another possible source oxygen free radicals is the 
mitochondria, specifically the ubiquinone redox cycle [6- 
8,18-20,24-26]. Many investigators have reported that 
antimycin A increases the formation of 02- and H20 2 by 
mitochondria [18,20,21,27-29]. On the other hand, other 
inhibitors reduce or abolish mitochondrial oxygen free 
radical formation. Some of them are not readily permeable 
through the cell plasma membrane. However, cells are 
permeable to DPI which rapidly accumulates in the liver, 
is taken up by mitochondria nd is known to be an 
inhibitor of NADH-ubiquinone reduction in isolated liver 
mitochondria [30-32]. In the present experiments, 10 /xM 
antimycin increased superoxide formation assessed by luci- 
genin-enhanced chemiluminescence to a peak of 252 ___ 22 
nA 25 min after the beginning of reoxygenation, compared 
to 172 _ 18 in the control group performed in the absence 
of the mitochondrial inhibitor (Fig. 2). The difference 
between the 2 groups was statistically significant at all 
reoxygenation time points (P < 0.01 to 0.001). Integrating 
the chemiluminescence under the curves recorded uring 2 
h of reoxygenation measures the total formation of 02- 
and shows an 82% increase after 10 /xM antimycin: 
856 + 65/zA/min compared to a control value of 470 + 38 
/xA/min (P < 0.001). At the same time, antimycin dou- 
bled the release of LDH when compared to the group 
without inhibitor to 666 + 130 mU/min 30 min after 
reoxygenation, compared to 285 + 36 mU/min (P < 0.01). 
To test whether diphenylene iodonium can inhibit the 
formation of free radicals in isolated hepatocytes, 10 and 
50 /zM DPI were added to the perfusate during the 
reoxygenation period. Fig. 2 shows that the peak luci- 
genin-enhanced chemiluminescence that occurred 20 min 
after the beginning of the reoxygenation was depressed 
45% and 70% with 10 and 50 /~M DPI respectively. The 
20 min chemiluminescence values were respectively 184 
_ 15 for the controls, 101 _ 28 with 10 /zM DPI (P < 
0.05) and 57___ 27 with 50 /xM DPI (P<0.01) .  The 
integrated chemiluminescence under the curves recorded 
during 2 h of reoxygenation was reduced 60% by 50 /zM 
DPI to 202 + 61 from 470 + 38 /zA/min measured in 
controls (P < 0.01). At the same time, DPI reduced the 
cell injury assessed by LDH release 60-70%. The 15 and 
30 min time points for the controls were 265 + 28 and 
185 _ 36 respectively compared to 106 _ 16 (P < 0.01) 
and 95 ___ 11 (P < 0.01) in the presence of 10 ~M DPI. 
Other mitochondrial inhibitors were tested (Table 1). 
These inhibitors were not only ineffective in reducing the 
peak reoxygenation chemiluminescence butsome of them 
increased it 30-50%. De Groot and collaborators 
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Fig. 2. Effects of 10 /xM antimycin and of 10 or 50 /xM 
diphenyleneiodonium (DPI) on lucigenin-enhanced chemiluminescence 
(LCL) (upper panel) and on the rate of LDH release (lower panel) in 
freshly isolated perfused rat hepatocytes. The difference between control 
and antimycin during reoxygenation is statistically significant (P  < 0.01) 
at all time points. The difference between control and 50 ~M DPI is 
statistically significant at all time points starting at l0 min of reoxygena- 
tion (P  <0.01). The difference between control and l0 /xM DPI is 
significant only at the 15 and 20 min time points (P  < 0.05). The 
difference in LDH release between the control, antimycin and DPI groups 
is significant at the 2 time points indicated by stars (P <0.01). The 
values are the mean+S.E, of several experiments n: control LCL n = 19, 
LDH n = 13; 10 /zM antimycin LCL n = 19, LDH n = 2; 10 /zM DPI 
LCL n=4,  LDH n=6;50  /xMDPI n=4,  LDH n=6.  
already reported that rotenone, like antimycin, increases 
hepatocyte chemiluminescence 80% and markedly en- 
hances cell injury [6,7]. 
Table l 
Effect of various mitochondrial inhibitors on the peak lucigenin chemilu- 
minescence measured 20 min after the beginning of the reoxygenation 
period 
Inhibitor Peak chemiluminescence 
nA 
Control 184+ 15 (19) 
Rotenone 50/xM 246 + 26 (2) 
TTFA 10/xM 232+43 (5) 
TrFA 50/xM 210+53 (4) 
Rotenone 50/xM +TTFA 50 p.M 195+23 (2) 
Rotenone 50 ~M +Myxothiazol 50/zM 281 + 16 (2) 
DPI 10/~M 101 +28 * (6) 
DPI 50/xM 57 + 27 * * (4) 
Values are mean___ S.E.M. of the number of experiments indicated in 
parentheses. 
* P < 0.05 and * * P < 0.01 compared to the control group. 
.c_ 
E 300 I 
E 
• 200 
~ 100 
- r  
a 
,,_1 
O0 60  120  180  240  '300  
Time (rain) 
Fig. 3. Effect of 400 U /ml  SOD and of 0.3, 1.0 or 3.0 mM TEMPO on 
lucigenin-enhanced chemiluminescence (LCL) (upper panel) and on the 
rate of LDH release (lower panel) in freshly isolated perfused rat hepato- 
cytes. The difference in chemiluminescence between control and SOD 
and between control and 0.3 mM TEMPO is not statistically significant. 
The difference between control and 1.0 or 3.0 mM TEMPO is highly 
significant (P  < 0.001). There is no statistically significant difference in 
LDH release among the groups. The values are the mean+S.E, of 13 
experiments in the control group and 3-4 in the experimental groups. 
3.4. Effect of superoxide dismutase (SOD) and TEMPO 
We have recently reported that lucigenin detects 02- 
anions generated in vitro by xanthine/xanthine oxidase 
and that the chemiluminescence is inhibited by SOD [2]. In 
perfused hepatocytes, however, 400 U/ml SOD did not 
decrease the chemiluminescence induced by postanoxic 
reoxygenation (Fig. 3) presumably because SOD is not 
readily permeable through the cell plasma membrane. On 
the other hand, TEMPO, a six-membered piperidine-1-oxyl 
compound, rapidly reacts with superoxides, has superoxide 
dismutase activity and easily penetrates the intracellular 
space [33]. In the present experiments, increasing concen- 
trations of TEMPO progressively inhibited lucigenin 
chemiluminescence: 42% at the low concentration f 300 
/zM, 66% at 1 mM and 87% at 3 mM TEMPO. Despite 
the large decrease in chemiluminescence aused by 
TEMPO, LDH release was not significantly depressed 
(Fig. 3). 
4. Discussion 
The source of the oxygen free radicals and specifically 
of 0 2- anions produced by liver parenchymal cells during 
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postanoxic reoxygenation could be the cytosolic 
xanthine/xanthine oxidase system, the mitochondria or the 
microsomes. Because allopurinol has been shown to pro- 
tect perfused livers from post-ischemic reperfusion i jury, 
some investigators proposed that xanthine oxidase acti- 
vated by an increase in Ca~ + would produce 02 from 
xanthine and hypoxanthine accumulated in the liver from 
ATP hydrolysis and purine degradation [11-15]. However, 
the effect of allopurinol on liver is open to question for 
several reasons: first, in the perfused liver, allopurinol may 
have acted on cells other than parenchymal cells; second, 
the concentration f allopurinol used by most investigators 
is high enough (> 0.5 mM) to act as a non-specific free 
radical scavenger and not as a specific inhibitor of xan- 
thine oxidase [6,34]. In isolated rat hepatocytes, one group 
found that oxipurinol protects against reoxygenation injury 
[35], whereas another eport:~ no protective ffect of allop- 
urinol [6,36]. Furthermore, it has been shown that, in 
isolated hepatocytes, cell death precedes the conversion of 
xanthine dehydrogenase to xanthine oxidase [36]. In the 
present experiments, 20 and 200 /.tM allopurinol had no 
effect on lucigenin-enhanced chemiluminescence which 
specifically measures 02- production in isolated perfused 
hepatocytes and no effect oll LDH release. These concen- 
trations of allopurinol are high enough to inhibit xanthine 
oxidase but far below the concentrations at which the 
inhibitor acts as a radical scavenger. These results demon- 
strate that, in freshly isolated rat hepatocytes, the cytosolic 
xanthine/xanthine oxidase system is not the main source 
of oxygen free radicals and that its activation is not 
responsible for the reoxygenation i jury that occurs after 
2.5 h anoxia. 
As an alternative source of free radicals, mitochondria 
have been recognized to generate both H202 and 02- 
[6-8,18-20,24-26]. In the liver, the oxidation of ubisemi- 
quinone to ubiquinone releases electrons for the formation 
of 02- [8,18,25]. Antimycin A is known to increase the 
mitochondrial  formation of H202 and 0 2 - 
[8,18,20,21,27,28] by inhibiting electron transfer from cy- 
tochrome b562 to ubiquinone and semiubiquinone, prevent- 
ing their reduction to ubiquinol and its return to the Q 
cycle [8]. And indeed, the highest rates of 02- formation 
are obtained in presence of antimycin [28]. The present 
experiments confirmed these findings and show that 10 
/xM antimycin almost doubled the formation of O2- by 
hepatocytes as measured by the integrated lucigenin 
chemiluminescence (Fig. 2). 
In contrast, other mitochondrial inhibitors decrease the 
formation of oxygen free radicals. For instance, DPI is 
known to inhibit NADH-ubiquinone reduction in isolated 
liver mitochondria [29-32]. DPI action on NADH- 
ubiquinone oxidoreductase activity shows a reasonable 
degree of specificity and is virtually identical with rotenone 
[30-32]. In neutrophils and in Kupffer cells, 10-50 /zM 
DPI inhibit 02- production 40-70% [31,37]. Similarly, 
Fig. 2 shows that in perfused hepatocytes, 10 and 50 /zM 
DPI depressed 02- formation 40% and 70% respectively. 
Other mitochondrial inhibitors uch as rotenone, myxothia- 
zol and T/'FA did not decrease 02- production assessed 
by lucigenin chemiluminescence, confirming the reports of 
others [6,7] (Table 1). On the other hand, DPI is permeable 
through the cell membrane; it is rapidly accumulated by 
the liver and taken up by the mitochondria [29,31]. DPI 
decreased both 02 production and LDH release 60%, 
whereas antimycin increased oxygen free radical produc- 
tion 80% and cell injury 100%. This suggests that the 
hepatocyte injury was related to the formation of oxygen 
free radicals. 
Isolated rat liver microsomes also produce 02- through 
a NADPH-dependent electron transfer [9,10]. Since DPI is 
taken up by liver microsomes and inhibits NADPH oxi- 
dase [29,37], it is not impossible that a part of the 02- 
produced by the cell originated in the microsomes al- 
though it is unlikely that antimycin would increase the 
microsomal production of these radicals. 
Lucigenin-enhanced chemiluminescence probably mea- 
sure intracellular formation of 02-. Lucigenin has been 
visualized intracellularly by confocal microscopy and lo- 
cated to discrete intracellular organelles at the same loca- 
tion as Rh-123, a mitochondrial specific fluorescent dye. 
Thus lucigenin appears to cross the plasma membrane and 
accumulate into mitochondria [20,38]. Therefore, lucigenin 
chemiluminescence must reflect both cytosolic and intra- 
mitochondrial events. Our results with SOD support his 
idea, since exogenous SOD failed to inhibit lucigenin-en- 
hanced chemiluminescence as already reported by others 
[38], in spite of the fact that SOD is a powerful inhibitor of 
the reaction in vitro [2,38]. Indeed, exogenous SOD has 
limited membrane permeability and is often ineffective in 
whole cell systems [39]. On the other hand, the stable 
nitroxide free radical TEMPO which has a strong superox- 
ide dismutase activity is water-soluble and penetrates the 
intracellular space [40,41]. In the present experiments, 3 
mM TEMPO significantly reduced lucigenin chemilumi- 
nescence 87%. The fact that TEMPO did so, whereas SOD 
did not, supports the idea that lucigenin chemilumines- 
cence measures an intracellular formation of 02- as al- 
ready suggested by others [38]. In spite of the decrease in 
02- caused by TEMPO, cell injury assessed by LDH 
release was not reduced. A possible explanation could be 
that the dismutation of 02- to H202 may decrease the 
O 2 anion concentration without decreasing H202. And 
indeed, it has been reported that TEMPO increases the 
intracellular concentration of H202 in human tumor cells 
and that nitroxides may have a pro-oxidant effect through 
H 202 generation [41]. Nevertheless, it is still unclear how 
TEMPO can decrease 02 - concentration without prevent- 
ing reoxygenation injury. 
In conclusion, we found that 02 - generation by freshly 
isolated rat hepatocytes during post-anoxic reoxygenation 
was not inhibited by the xanthine oxidase inhibitor allop- 
urinol. On the other hand, 02- production was increased 
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by the mitochondrial quinone cycle inhibitor antimycin A. 
It was markedly reduced by the NADH oxidase inhibitor 
DPI and by the SOD mimic TEMPO. Thus, it appears that 
the main source of 02- generated uring post-anoxic 
reoxygenation is not the cytosolic xanthine-xanthine oxi- 
dase system but rather the mitochondrial respiratory chain, 
or eventually the microsomes whose NADPH oxidase is 
also inhibited by DPI. 
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